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Introduction
During earlier work carried out in this Institute on carcinogenic mixtures obtained from coal-tar, a study of the fluorescence spectra o f such mixtures gave useful indications of the type of compound present,* and subsequently assisted in the separation of one of them, 1: 2-benzpyrene. Very small quantities of material may often be detected by the study of fluorescence spectra, but the results are as a rule only qualitative. In general, at room temperature, the fluorescence spectra of hydrocarbons in solution consist of diffuse bands, and the total emitted energy is often very small and consequently difficult to measure. Moreover, the absolute amount of radiated energy depends on the energy distribution in the incident radiation, and on such experimental details as concentration of solutions, and size and shape of containing vessels.
On the other hand, a quantitative measurement of the ultra-violet absorption spectrum of a solution of a pure compound can be made relatively easily, and not only furnishes a method of identification of the substance but serves as a basis for a theoretical treatment of its molecular structure.
Recent progress in the synthesis of complex hydrocarbons has placed at our disposal a large number of these compounds in a pure state, and, in view of their considerable biological importance, it was thought desirable that a quantitative study of their optical properties should be made, both for purposes of identification and in the hope that the results might indicate some connexion between their molecular structure and biological action. The ultra-violet absorption spectra of a number of compounds structurally related to the carcinogenic hydrocarbons (them selves known to be related to the sterols, bile acids, and oestrogenic substances)* have therefore been examined. The results are here treated from a purely physical standpoint.
G eneral T heoretical R elationships
It is convenient to discuss the relationship between various quantities occurring in absorption spectroscopy. Consider a parallel beam of radiation incident perpendicularly on the surface of a solution to be investigated. Let I 0 be the intensity of the incident radiation. Then the intensity, I, transmitted through a thickness d of solution may be written, I = I 0 10-*d; (1) k is then the " extinction coefficient " as usually defined, d being measured in centimetres. We may write k = c z where c is th solution in gram-molecules per litre, and e is generally known as the molecular extinction coefficient. We use the symbol s throughout in this sense.
Evidently . = ^ dog,. I./I].
The quantity in brackets is commonly called " Density " (D) and read directly from the spectrophotometer setting. In general, for the sub stances investigated, e varies between such wide limits that log10 e rather than s is more conveniently plotted against wave-length. The validity of the formula (2) is continually tested by the alternate use of different thicknesses of solution and different concentrations. No deviation outside the experimental error has been observed, and we conclude that the law holds for these very dilute solutions. From a purely physical point of view the notation implied in equation (1) is unfortunate, as absorption should clearly (as in other wave-length regions, for example, X-rays or y-rays) be referred to base e (2-71828) rather than 10. The transfer is evidently made as below. Suppose s' be the true molecular extinction coefficient as defined by the equation
where c and d have their previous significances. Then e' = 2 • 303 £ and log10 z' -log10 e + 0-3622. The molecular absorption coefficient [im (that is, referred to a single molecule) is then e'/N , where N is the number of molecules per cc for 9 0 a concentration of 1 gram-molecule in 1 litre (N -6 06 x 1 0 '). (xm rises for the molecules here considered to values of the order of 4 x 10-18.
T echnique
All the substances have been investigated in solution at room tempera ture. Hexane is usually regarded as having least effect on the absorption spectrum of the solute, but as these complex hydrocarbons are relatively insoluble in this medium, ethyl alcohol has been used throughout, with the single exception of picene, which is extremely insoluble in alcohol and has therefore been examined in chloroform.
A standard Hilger E.316 all-metal quartz spectrograph has been used for the measurements. The dispersion of this instrument is such that the length of spectrum from 2000 to 4000 A is 177 mm. The source of light for the quantitative experiments has normally been a condensed tungsten steel spark, 4 mm gap, the necessary potential being obtained from an X-ray induction coil with mercury interrupter in the primary. The solutions are examined in a micrometer Baly tube, so that the optical path in the solution is variable continuously from 0-01 mm to 5 00 mm. Since a number of the substances are sparingly soluble even in alcohol, additional measurements have been made when necessary with 100 mm absorption cells.
Owing to the fact that with a line source narrow and feeble bands are easily completely overlooked, we have recently carried out qualitative examinations of all solutions, using as source of light a hydrogen discharge tube run at about 3000 volts derived from an A.C. transformer. On the continuous spectrum of this source, absorption detail (which is difficult to obtain with the quantitative set-up) may often be seen quite clearly.
Three forms of Hilger spectrophotometer have been used, namely (1) a rotating sector photometer, (2) the notched echelon cell outfit,* and (3) the " Spekker " photometer.)-A careful comparison of the accuracy obtained by the three methods was made for pyrene, chosen as a test substance on account of its repre sentative and remarkable series of sharp absorption bands. The notched echelon cell outfit was found to be quite inadequate for the purpose in hand, since a high capacity for resolving detail of absorption bands was required. As the match points observed with this cell are at large wave length intervals, small bands in regions of rapidly varying absorption coefficients are easily overlooked. To obtain accurate curves a great number of concentrations would have to be examined. Even if this difficulty were overcome, that of determining accurately a large number of match points on a small area of photographic plate would still be acute.
The rotating sector photometer was found to give much more reliable results, though it is still slightly less accurate than the " Spekker." * The latter is, moreover, considerably quicker and more convenient, and has therefore been used for all the experiments described subsequently.
The double spectra were recorded on Ilford Process plates and developed in a standard metol-hydroquinone developer, the plates being somewhat over-developed and subsequently reduced to obtain maximum contrast. In the far ultra-violet below about 2300 A we have used " Autofilter " plates, owing to their higher sensitivity. Where the 2000 A region is of particular interest these plates have been further sensitized in a solution of transformer oil in pentane. Possibly owing to the shorter optical path in quartz and the consequent smaller light absorption, the rotating sector photometer proves more suitable in the short wave-length region below 2300 A than the " Spekker " photometer, which also suffers from light losses during reflection. In general a wave-length scale was photographed twice on a given plate and the errors of the scale in different regions were estimated at the commencement of the experiments by comparison with the spark spectra of pure copper and iron. Since the errors were found to be, as a maximum, 2-3 A in the region of 3500 A this is in general of little account in view of the difficulty in estimating the position of bands to a higher accuracy.
The accuracy of the determination of the position of match-points depends greatly on the rate of change of absorption in the region con sidered. If dz\d'k is small it is difficult to determine the position to an accuracy greater than 5 A. Fortunately, in the substances investigated d zjd \ is often high ( d (log z)/dX of the order of 0-25 maxima of bands may be obtained to about 2 A in the short wave-length region, and 5 A at longer wave-lengths where the dispersion is lower.
Owing to the small quantities of materials available (occasionally only a few milligrammes) in a number of instances the relative values of s for different wave-lengths are somewhat more accurate than the absolute values. The materials have been weighed on a micro-balance and the concentrations estimated to be accurate to about 2%. The final possible error in extinction coefficient is considered to be normally of the order of ± 5%.
Purity of M aterials
With few exceptions all of the compounds studied were prepared synthetically in this Institute by methods which are described in the * Twyman, ' Trans. Opt. Soc., vol. 33, p. 1 (1931-32).
original memoirs, to which reference is made. The specimens employed for spectroscopic purposes were the original highly purified analytical samples, or else specimens which had been specially prepared and purified for examination. So far as possible care was taken to avoid the use of polycyclic aromatic hydrocarbons of coal tar origin, as such substances are notoriously difficult to free completely from small amounts of con tamination which may have an appreciable influence on the absorption spectra. The methods of preparation or other sources of material were as follows: > Benzene-Supplied by British D rug Houses, Ltd., " extra pure for molecular weight determination." Naphthalene-Supplied by British Drug Houses, Ltd., " extra pure for molecular weight determination." Anthracene-Dehydration of pure 9: 10-dihydro-anthraquinol, pre pared by reduction of synthetic anthraquinone. Phenanthrene-(a) Selenium dehydrogenation of 4 -k e to -l: 2: 3: 4tetrahydrophenanthrene, followed by purification through the picrate. Soc.,' p. 456 (1932) ). Chrysene-Cook and Hewett (' J. Chem. Soc.,' p. 372 (1934)). Picene-Ruzicka and Hosli (' Helv. Chim. A cta,' vol. 17, p. 470 (1934) ). Pyrene-The " pure pyrene " supplied by the Gesellschaft fur Teerverwertung was freed from its coloured impurity by partial hydro genation, and then purified by repeated recrystallization o f the hydrocarbon and its picrate. 2-Methylpyrene-The " 1-methylpyrene " of Cook and Hewett (' J.
Chem. Soc.,' p. 365 (1934)). The true position of the methyl group was shown by direct comparison with a specimen kindly supplied by Dr. G. Kranzlein, who synthesized it by a method which establishes its constitution. 1: 2-Benzanthracene-The yellow material prepared by the method of Barnett and Matthews (' Chem. News,' vol. 130, p. 339 (1925)) was freed from colouring matter by agitation of a benzene solution with sulphuric acid followed by repeated crystallization of the Many hundreds of papers have appeared on the absorption spectra of organic compounds, but much of the early work was qualitative, whilst many of the compounds quoted here have only recently been synthesized, and their optical properties have therefore not previously been examined. Results relevant to a few of the compounds have been published by other workers, and our own results for these substances are included for com pleteness.
Figs. 1 to 19 show the variations of log10 e with wave-length for the series of hydrocarbons investigated. We may remark that all points plotted are experimentally determined values. For convenience in description the curves have been divided somewhat arbitrarily into groups arranged according to the parent hydrocarbon.
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Benzene Group
As might be expected from its fundamental importance, the absorption of benzene has been studied by a number of observers, notable among whom is Henri.* Our results, fig. 1 , are in good agreement with his values, due allowance being made for the fact that Henri's results were obtained in hexane solution and our own in ethyl alcohol. Small differences appear in the region of 2380 A where a " shoulder " in the Henri curve has been further resolved. An additional band at 2240 A has been observed. On the long wave-length side of five of the main absorption bands " shoulders " have been observed by both of us at room temperature. We have recently commenced the study of absorption spectra of solutions at low temperatures, and at -183° C these " shoulders" in the benzene spectrum are easily resolved into separate bands, as with solid benzenet at low temperatures.
It is interesting to observe that three other substances examined, namely, neoergosta-triene, -tetraene and -pentaene, fig. 2 , all much heavier and more complex molecules, show absorption spectra similar to benzene, but with suppressed detail. $
Naphthalene Group
The curve for naphthalene is shown in fig. 3 and may be compared with the results of de Laszld, § and others,|| who examined the spectrum in hexane solution. The spectrum may be divided into three absorption systems and extends farther into the visible than is the case with benzene. its relation to the spectrum in solution, we may refer to the work of Henri and de Laszlo.* The analysis evidently cannot be regarded as final in view of the serious discrepancy between the moment of inertia of the naphthalene molecule, as determined spectroscopically, and the value deduced from X-ray diffraction methods. Similar difficulties arise for B e n z e n e 2500 W a v e le n g th , A . benzene, and in both cases the spectroscopic data lead to much smaller values of the moment of inertia.
The addition of a five-membered ring (cycfopenteno), as in 4: 5-benzhydrindene, fig. 4 , has only a slight effect on the position of the band systems, but the prominence of the longer wave group is enhanced. The other two band systems remain substantially unaltered. In the poly merized wopropenyl-naphthalene detail is further suppressed, fig. 4 . It is interesting to record the similarity of the absorption spectra of cis-and trans-9: 10-dimethyl-9: 10-dihydro-l: 2: 5: 6-dibenzanthracenes, fig to systems similar to naphthalene or benzhydrindene at either end of the molecule.
Anthracene Group
The absorption spectrum of anthracene is shown in fig. 6 . A large shift to longer wave-lengths, as well as a greatly increased band-width compared with benzene, is apparent. The results are in accord with those of Clar,* but the extinction coefficients found by Radulescuf are lower, and of Capper and M arshJ (chloroform solutions) higher than here reported. The increased band-width as compared to benzene or naphtha lene is noteworthy. As the " shoulders " now appear on the short wave length side of the main bands, whereas for benzene they appear on the long wave-length side, it is evident that the relative intensities of the two W. V. Mayneord and E. M. F. Roẽ N aphthalene components of each complex band have been reversed. At low tempera tures preliminary observations have again shown separation of these components.
The striking effect of an additional ring in the 1: 2-position is shown in the spectrum of 1: 2-benzanthracene, fig. 7 , previously examined in less detail by Clar (Joe. cit.), and Capper and M arsh ( . cit.), while the addition of a further methyl group has very little effect, as, for example, in 7-methyl-1: 2-benzanthracene, fig. 8 . It is interesting to observe that the groups of bands centred at 3400 A and 2800 A respectively are lowered by the
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introduction of a methyl group in the 7-position, while the band at 3840 A in benzanthracene is raised. By contrast, fig. 8 , in 6-methyl-1: 2-benz anthracene the latter band is considerably depressed, while the main band systems are again depressed, as in the 7-methyl compound. In the latter the band at 2994 A (in 1: 2-benzanthracene) has approximately the same extinction coefficient, whereas it is raised in the 6-methyl analogue. The simultaneous inclusion of methyl groups in the 6-and 7-positions (6: 7dimethyl-1: 2-benzanthracene, fig. 9 ) does not give merely additive changes in extinction coefficients but results in a spectrum very similar to that of 6: 7-cyc/npenteno-l: 2-benzanthracene, fig. 9 . There are, however, slight differences; for example, the bands 3029 A and 3855 A in the dimethyl compound are less pronounced than in the cyclopenteno -cis-9:10Timethvl-9:10-dihydro -1:2:5:6-dibenzanthracene H CHsi HCH3 t r a n s -analogue W avelength, A. ences appear compared with the corresponding 6: 7-cyc/openteno-l: 2benzanthracene. There is a general movement of the band systems towards the visible in the 5: 6-cyc/npenteno compound, while there are marked differences in the behaviour of bands at 3030 A and 3855 A, the bands being considerably more pronounced in the 6 : 7-compound. These two small bands which appear on the long wave-length slopes of
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A n th racen e W av elen g th , A. the main systems in the benzanthracene compounds appear to behave independently of those systems. They may be analogous to the corre sponding absorption band at 2682 A in benzene, whose frequency difference from its neighbours is known to be anomalous, and whose behaviour at low temperatures we have also recently observed to be different from that o f the rest of the bands. Two other derivatives of 1: 2-benzanthracene have been investigated and show very similar absorption spectra, fig. 11 . This is the more interesting in view of the fact that one of them, methylcholanthrene, is strongly carcinogenic while the other, 10-isopropyl-l: 2-benzanthracene, is quite inactive. These spectra again show the distinctive behaviour of the small bands discussed above. They are more intense in methylcholanthrene than in _1:2 -Benzanthracene W avelength, A. 
10-wopropyl-l: 2-benzanthracene, although all other bands show the reverse order of intensity.
Phenanthrene Group The absorption of phenanthrene is shown in fig. 12 . Compared with the results of other observers, *f+ we have found two new bands at 2195 and 2100 A respectively. It is unlikely that these are due to impurities as similar new bands in the far ultra-violet have been observed for a number of other compounds.
The beautifully regular long-wave system o f bands is a prominent feature of the phenanthrene spectrum. We are reminded o f the similar system in 4: 5- 14, which may also be regarded as a 1: 2-substituted naphthalene, the long-wave system is again similar. Frequency differences of the order of 700 cm-1 are observed in the absorption spectra of phenanthrene, benz hydrindene, and chrysene for this group of bands. The frequency differences between neighbouring bands in phenanthrene, in fact, alternate in value between two limits of approximately 650 and 750 cm"1, suggesting that the system is double. Further evidence in support o f this suggestion is obtained from the absorption spectrum o f 1: 2cyc/o-pentenophenanthrene, fig. 12 , where the addition of a five-membered ring in the phenanthrene 1: 2-position emphasizes or depresses alternate bands. A further benzene ring added to 1: 2-cyc/openteno-phenanthrene, as in 2 ': l'-n a p h th a -l: 2-fluorene, fig. 13 , suppresses detail in the short-wave region, while the shift to longer wave-lengths has apparently engulfed two further bands of the long-wave system of phenanthrene. The latter are now just visible as " shoulders " in the region of 3300 A. In the 5-methyl-8-/sopropyl derivative of naphthafluorene (shown for comparison in fig. 13 ) slight suppression of detail and shift to longer wave-lengths is observed.
The absorption spectrum of chrysene, fig. 14, also examined in less detail by Clar,* may be compared with that of 1 : 2-cycfopentenophenanthrene. The long-wave system still shows its alternations of intensity, but movement towards longer wave-lengths o f the central band-group has again obliterated some of the long wave bands.
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5:6-cycloPent en o "->1: 2-b en z a n th ra c en e
The absorption spectrum of picene, fig. 14, shows resemblances to the spectra of both phenanthrene and chrysene, of which the ring systems are included in the picene molecule. The long-wave band system strongly resembles that of chrysene. The central band system shows resemblances to phenanthrene and naphthafluorene, while the far ultra-violet bands of picene resemble the corresponding phenanthrene bands. Moreover, they , ' Ber. deuts. chem. Ges.,' B, vol. 65, p. 1411 (1932) .
* Ciar and Lombardi
include a third band, at 2575 A in picene, an analogue of which is observed in chrysene.
Dibenzanthracene Group
The absorption spectrum of 1:2:5: 6-dibenzanthracene, fig. 15 , is surprisingly similar to that of chrysene, although the whole spectrum is 10-isoFropyl-l:2-benzanthracene -M ethylcholanthrene 3000 W avelength, A . shifted to the limits of the visible in the former compound. The sub stitution of two methyl groups in the 9: 10-positions considerably modifies the structure of the long wave-length band system, which is almost entirely obliterated (9: 10-dimethyl-l: 2: 5: 6-dibenzanthracene, fig. 15 ). There is a further considerable wave-length shift towards the visible, while a new band appears in the far ultra-violet at 2406 A ; but the spectrum remains fundamentally similar to that of 1:2:5: 6-dibenzanthracene.
On the other hand, in the 9: 10-dihydro derivative, fig. 16 , where the central dibenzanthracene ring is fully saturated in the 9: 10-positions, the absorption is quite unlike that o f any pure com pound o f which we are aware. A num ber of bands remains at approximately the same wave length as in 1:2:5: 6-dibenzanthracene, but their relative intensities are completely altered, resulting in a new general form o f the curve. The
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_ P h e n a n th re n e 1:2-cydoPenteno-phen an th r ci 3000 W a v e le n g th , A . absorption spectra of cis-and trans-9 : 10-dimethyl-9: 10-dihydro-1:2:5: 6-dibenzanthracenes, fig. 5 , reverted strikingly to the naphthalene and benzhydrindene type of curve. Here again the 9: 10-positions are fully saturated, evidently dividing the molecule into two symmetrical portions each of which is naphthalenic. It is curious that the 9: 10dihydro-compound does not yield analogous results, although the purity of the specimen has been carefully investigated. The same curve was VOL. CLIL -A. z given by a specimen purified through the s-trinitrobenzene complex. We may mention that the absorption spectrum o f 9: 10-dihydroanthra cene* is somewhat similar to that of benzene, confirming the general view that the molecule behaves as though consisting o f two fairly separate portions when the central ring is appropriately saturated. Ges.,' B, vol. 65, p. 1425 (1932) .
values o f extinction coefficient. These bands appear to be divided into definite groups rather differently from those of any molecule previously investigated. The addition of a methyl group in the 2-position, 2-methyl pyrene, fig. 18 , depresses the absolute value o f the extinction coefficients and causes a slight shift to the visible, although every band is reproduced. This result brings strikingly to view the im portance o f the structure o f the
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Picene op oã
(in chloroform)
Chrysene molecule as a whole in determining the form of the absorption spectra of these complex hydrocarbons.
The addition of a further benzene ring in 1: 2-benzpyrene, fig. 19 , causes wave-length shifts, particularly in the group at about 3200 A in pyrene, the movement being only half as great in the short-wave system of bands. In the latter the shape of the curve is altered by the fusion of two band groups into one, so that a slight similarity to the spectrum of 1: 2-benzanthracene, fig. 7 , is now evinced. It is evident from the formula that the 1: 2-benzpyrene molecule does contain the 1: 2-benzanthracene nucleus.
R emarks o n A bsorptio n Spectra
In view of the complexity of the molecules involved and the difficulties of the theoretical interpretation even for the simplest molecule, benzene, 
4000
it is not surprising that any attempt to give a detailed explanation of these absorption spectra has proved unsuccessful.
The spectra of benzene and naphthalene have been previously examined in detail by Henri and de Laszlo,* both in the vapour and dissolved state, and the general correspondence between the absorption in the two states 9:10-Dihydro correspond to different electronic excitation levels, the individual bands in the same system to varying atomic vibrational levels, while, as already mentioned, the rotational quantification is either hidden or distorted in the general outline of each band. It is, however, doubtful if for complex molecules such simple separation into three energy systems is valid. It may be noted that the wave-mechanical treatm ent of aromatic molecules has not reached a state which enables predictions of absorption spectra to be made, though interesting attacks on the general problem of mole cular structure have been attempted, for instance, by Hiickel,* in terms of the Hund tc and a electrons! involved in a double bond.
We have investigated the frequency difference between the individual band maxima of the substances examined, and for certain substances these differences may be correlated with frequency differences observed Absorption Spectra of Complex Aromatic Hydrocarbons 323 in Raman spectra. These again may be compared with frequencies found in observations on mechanical models of rings of atoms. J It is not proposed to discuss this further at the moment, as low-tempera ture investigations in progress seem likely to yield more suitable material for analysis. Finally we wish to express our indebtedness to Professor J. W. Cook, who has supplied us with the materials investigated, with the details of methods of preparation, and throughout has taken the greatest interest in the work. We should like to record our thanks to the International Cancer Research Foundation which has generously financed the research.
Sum m ar y
The ultra-violet absorption spectra o f ethyl alcohol solutions of a number of arom atic hydrocarbons, some of which are o f biological importance, have been investigated. The com pounds examined include benzene, naphthalene, anthracene, 1: 2-benzanthracene, 1:2:5: 6-dibenz anthracene, phenanthrene, and their derivatives, as well as chrysene, picene, pyrene and its derivatives.
Details are given of the experimental m ethods and some discussion o f possible errors. The spectra of chemically related compounds are compared and general resemblances between them are pointed out.
In general no adequate theoretical discussion o f the absorption spectra of these compounds is possible, but the effects o f the addition o f various groups have been noticed. Preliminary references are made to changes observed in the absorption spectra on cooling the solutions to approxi mately -183° C.
Some theoretical considerations of the subject are mentioned.
